Intracellular pH (pH i ) homeostasis is key to the functioning of vascular smooth muscle cells, including pulmonary artery smooth muscle cells (PASMCs). Sodium-hydrogen exchange (NHE) is an important contributor to pH i control in PASMCs. In this review, we examine the role of NHE in PASMC function, in both physiologic and pathologic conditions. In particular, we focus on the contribution of NHE to the PASMC response to hypoxia, considering both acute hypoxic pulmonary vasoconstriction and the development of pulmonary vascular remodeling and pulmonary hypertension in response to chronic hypoxia. Hypoxic pulmonary hypertension remains a disease with limited therapeutic options. Thus, this review explores past efforts at disrupting NHE signaling and discusses the therapeutic potential that such efforts may have in the field of pulmonary hypertension.
− exchange, and Na + -HCO 3 − cotransport serve to alkalinize cells and that Na + -independent Cl − /HCO 3 − exchange effects acidification ( Fig. 1) , the relative significance of these various transport mechanisms to control of pH i under basal conditions appears to vary by experimental organism, tissue, and cell type. All four of these ion transporters have been described in various types of vascular smooth muscle [1] [2] [3] [4] and, with the exception of Na + -HCO 3 − cotransport, modulate pH i in pulmonary arterial smooth muscle cells (PASMCs). [5] [6] [7] Of these, NHE plays a significant role in regulating PASMC pH i , under both resting and stimulated conditions. This review focuses on the ability of NHE to modulate PASMC function, describes the role of NHE in lung physiology and pathology, and points to potential areas of future research.
THE NHE ISOFORMS
The NHE family of transmembrane proteins consists of at least 10 known isoforms. While the NHE isoforms are broadly grouped into 3 subtypes based on evolutionary homology, all NHEs share a similar structure, in which the membrane-spanning N-terminus effects import of an extracellular Na + ion in exchange for export of an intracellular proton, while the cytosolic C-terminal domain contains various binding and phosphorylation sites that can modulate exchanger activity. 8 Each NHE isoform is encoded by a distinct gene in the solute carrier 9 (SLC9) family, which is further divided into 3 subgroups. The SLC9A subgroup consists of NHEs 1-9, encoded by the genes Slc9a1-Slc9a9. NHE1, the first family member cloned in 1989, 9 is ubiquitously expressed in all cell types and is thus considered a "housekeeping" isoform. Other NHEs show a more limited range of expression in human tissues and have yet to be studied as extensively as NHE1. NHE2 is expressed in the gastrointestinal tract and in kidney and endothelial cells and is thought to be involved in repair of damaged gastric epithelium. 10 NHE3 is expressed in multiple organs and plays an important role in intestinal and renal sodium absorption. 11 There is also evidence that NHE3 may regulate the respiratory drive. 12 There is abundant expression of NHE4 in gastric parietal cells, where it is involved in regulating gastric acid secretion. 13 NHE5 is expressed in brain and sperm and cycles between the plasma membrane and intracellular endosomes; it regulates dendritic spine growth. 14 NHEs 1-5 exhibit plasma membrane localization, whereas NHEs 6, 7, and 9 are localized to intracellular organelles and are involved in regulating organellar pH. 15 NHE8 is ubiquitously expressed in humans, and its localization to the plasma membrane or intracellular organelles varies developmentally by organ; its physiologic roles are still being defined. 8 The SLC9B subgroup includes NHA1 (Na/H antiporter) and NHA2 (also known as NHE10), which are encoded by Slc9b1 and Scl9b2, respectively. These recently identified NHEs exhibit greater homology to prokaryotic NHEs, and their physiologic roles remain poorly characterized, 8 with NHA1 apparently restricted to testis 16 and NHA2 identified in bone 17 and postulated to serve as a potential Na + /Li + countertransporter. 18 Finally, the SLC9C family contains proteins encoded by Slc9c1, which is believed to be sperm specific and to play an important role in sperm motility, 19 and Slc9c2, about which little is known.
NHE1 and NHE2 were found to be expressed in whole-lung tissue preparations, 20, 21 whereas NHEs 3-5 were not. 20, 22, 23 In contrast to the relatively wide distribution of expression seen with other NHE isoforms, NHEs 6-10 have significantly more restricted tissue and/or intracellular localization. 15, [24] [25] [26] Examination of the best-characterized NHEs revealed that NHE1, but not NHE2 or NHE3, was present in mouse 27 and rat 28 PASMCs, indicating that NHE1 is the primary isoform responsible for regulating cytosolic pH in this cell type.
THE STRUCTURE OF NHE1
While the complete crystal structures of all NHE isoforms remain to be solved, modeling suggests a high degree of structural homology among the NHEs. Several topographical models were initially proposed, indicating that the NHE1 protein contained multiple transmembrane-spanning helices, although these models varied slightly as to the number and which parts of the protein composed these domains. 9, 20, 29 More recently, a model structure of NHE1, which is highly conserved across species, has been constructed on the basis of the solved structure of the Escherichia coli NhaA Na + /H + antiporter ( Fig. 2A) . 30, 31 Structural modeling of the human NHE1 predicts a 500-amino acid N-terminal domain consisting of 12 transmembrane segments (TMs) that contain the region responsible for ion transport and a short N-terminal cytoplasmic tail (Fig. 2B ). The remaining 315 amino acids form a long C-terminal tail, located in the cytoplasm, that acts as a regulatory domain. 32 While a portion of the protein required for transport of cations across the membrane has been localized to a handful of amino acid residues within the membrane domain, 34 the exact mechanism by which cation transport occurs is still under investigation. In one model, TMs 4 and 11 form a central core, while TM2 creates two funnels that shape the path for transmembrane cation transport and residues in TM5 serve as the cation-binding site. 30 This model suggests a transport mechanism whereby intracellular acidification induces conformational changes that transform NHE1 from an inactive to an active state, while further conformational changes within the active state allow for cation transport in a concentration gradient-dependent manner. In another model, TM domains 4 and 11 form a central core. 33 Binding of H + ions at TM9 causes a conformational change and direct contact between TM4 and TM9. As a result, TM4 and TM11 are reoriented, exposing a Na + -binding site to the extracellular space. Binding of Na + triggers a crossover conformational change of TM4 and TM11, with the Na + ion now exposed to the cytoplasm. Release of the Na + ion allows protonation of the Na + -binding site and rearrangement back to the original conformation. 33 The cytosolic C-terminal domain of NHE1 contains a number of sites important for phosphorylation and interaction with regulatory molecules. For example, calmodulin, a protein whose activation is dependent on intracellular Ca 2+ levels, binds at amino acids 636-656. 35 Other proteins that interact with the NHE1 C-terminus in a regulatory manner include the calcineurin homologous pro- Figure 1 . Ion transport mechanisms responsible for intracellular pH homeostasis. The Cl − /HCO 3 − exchanger is responsible for intracellular acidification, while the activities of all other exchangers/ transporters cause intracellular alkalization. Figure 2 . A, Three-dimensional structural models of the NHE1 transmembrane domains (reproduced with permission from Hendus-Altenburger et al. 32 ). Model 1 represents the structure predicted by Landau et al. 30 and is based on the crystal structure of Escherichia coli NHaA. Model 2, predicted by Nygaard et al., 33 is based on E. coli NhaA, experimental models of NHE1, and electron paramagnetic resonance spectroscopy. B, Predicted topology of NHE1. Ion translocation is believed to involve transmembrane domains 4 and 9 as well as 11. teins (CHPs) 1-3, which bind at amino acids 515-530, 36, 37 and plasmalemmal phosphatidylinositol 4,5-biphosphate (PIP 2 ), which is believed to bind at putative PIP 2 -binding domains. 38 NHE1 also has multiple identified phosphorylation sites localized to serines and threonines in the C-terminal tail. 39 Several protein kinases have been shown to be involved in the phosphorylation of NHE1, including protein kinase C (PKC), 40, 41 Rho kinase (ROCK), 42, 43 extracellular-signal-related kinases (ERKS), 44 mitogen-activatedprotein kinase (MAPK)-dependent pathways, 45 p38 MAPK, 46 and p90 ribosomal S6 kinase (p90 rsk ). 45, 47 
PHYSIOLOGICAL FUNCTIONS OF NHE1
Since NHE1 is found in almost all mammalian cells, its ubiquitous expression raises the possibility that it could be important in the function of multiple organ systems as well as in the pathophysiology of varied disease processes. The first substantial insight into the role of NHE1 in vivo was provided by the finding that mice with slow-wave epilepsy had a spontaneous genetic mutation in Slc9a1, resulting in a null allele. 48 Subsequent targeted disruption of NHE1 in mice yielded animals that exhibited high mortality during weaning, growth retardation, ataxia, and seizures, with a life span of only a few weeks. 49 The role of NHE1 in myocardial injury has been extensively studied. Ischemia causes intracellular acidification of cardiac myocytes, with reperfusion resulting in restoration of physiologic extracellular pH and creating a H + gradient prompting efflux of H + , with concomitant Na + influx through NHE1. 50 The resultant rise in intracellular Na + then prompts an increase in intracellular Ca 2+ through the Na + /Ca 2+ exchange system. Finally, elevated intracellular Ca 2+ triggers deleterious downstream effects, including initiation of apoptotic pathways. NHE1 also plays a critical role in cardiac hypertrophy and remodeling after injury; indeed, cardiacspecific overexpression of NHE1 is sufficient to induce cardiac hypertrophy and heart failure in mice. 51 There has also been extensive exploration of the role of NHE1 in cancer. NHE1-dependent cellular alkalinization has been shown to be necessary for oncogenic transformation. 52 Beyond playing a role in malignant transformation, NHE1 activation promotes increased motility and invasion of breast cancer cells. 53 Clearly, NHE1 expression/activity is critical for numerous physiological and pathologic processes. In the following sections, we discuss the role of NHE1 in PASMCs.
PH I HOMEOSTASIS AND NHE IN PASMCS
With respect to maintenance of basal pH i , functional data in cat, 6 guinea pig, 7 and murine 27 PASMCs demonstrated that removal of bicarbonate (HCO 3 − ) from the extracellular solution resulted in a reduction in pH i , indicating that either Cl − /HCO 3 − exchange or Na + -HCO 3 − cotransport plays a role in alkalinizing PASMCs under basal conditions. Similarly, in ferret PASMCs, pH i in cells perfused with HCO 3 − -free buffer was substantially lower than what would typically be considered "normal." 5 These results would suggest that HCO 3 − transport also contributes to basal PASMC pH i in the ferret, although since no measurements were made in HCO 3 − -containing solution, the exact extent of that contribution is unknown. On the other hand, when ferret PASMCs were switched to a HCO 3 − -and Na + -free solution, pH i decreased even further, suggesting a potential role for NHE in maintenance of basal pH i . 5 More-direct evidence for a contribution from NHE to PASMC pH i homeostasis under basal conditions comes from the use of NHE inhibitors. In physiologic solution containing extracellular HCO 3 − (and thus allowing for ion exchange through other pH-regulating channels), treating mouse 27 or cultured guinea pig 7 PASMCs with the NHE inhibitors ethylisopropyl amiloride (EIPA) or dimethyl amiloride (DMA), respectively, significantly decreased pH i , indicating that the role that NHE plays in PASMC pH i homeostasis is a significant one. Interestingly, application of DMA to cat PASMCs had little effect on basal pH i, which was substantially more acidic than that observed in other species, perhaps reflecting low baseline activity of NHE in this animal. 6 These results indicate that while NHE can participate in regulation of resting pH i in PASMCs, the exact magnitude of the contribution may be species specific. NHE has been shown to play an even more significant role in regulating pH i homeostasis in response to an acid load. The "ammonium-pulse" technique is commonly utilized to measure NHE activity ( Fig. 3 ). Briefly exposing cells to ammonium chloride (NH 4 Cl) allows modulation of pH i while maintaining extracellular pH. 54 Baseline pH i is measured before the ammonium pulse, which then induces cytoplasmic alkalinization due to the influx of NH 3 while conserving intracellular H + concentration. Washout of NH 4 Cl with a Na + -and NH 4 + -free solution leads to profound intracellular acidification due to removal of NH 3 and retention of intracellular H + . Subsequent restoration of extracellular Na + allows resumption of NHE activity, recovery from the acid load, and return to normal basal pH i . Thus, NHE activity can be quantified as the rate of Na +dependent recovery from intracellular acidification. With this method, The cell is alkalinized with NH 4 Cl and then acidified with a solution that lacks both ammonium and sodium. Finally, the cell is placed back in the baseline solution, which contains sodium, allowing intracellular acid to be pumped out in exchange for sodium entry. The pH rise is thus a measure of NHE activity.
NHE activity was clearly measured in PASMCs from cat, 6 cow, 55 guinea pig, 7 mouse, 27 and rat. 28 As with the studies examining the role of NHE in basal pH i regulation, the role of NHE in stimulated PASMC recovery from an intracellular acid load appears to vary among species. In ferret PASMCs, recovery from acid load was dependent on extracellular Na + concentration and occurred even in the absence of extracellular HCO 3 − , a clear indication that NHE contributes to pH i control. 5 Similarly, in rat and mouse PASMCs, recovery from acidification was largely prevented in the presence of NHE inhibitors. 27, 28 In guinea pig PASMCs, recovery from acid load was significantly slowed in the presence of DMA; however, 4,4′diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), an inhibitor of HCO 3 − /Cl − exchange, also significantly slowed the response, suggesting that NHE is not the only ion exchanger important to PASMC pH i homeostasis in this species. 7 In contrast, in feline PASMCs, DMA slowed recovery from acid loading in HCO 3 − -free solutions but not in HCO 3 − -containing solutions, indicating that NHE is present but is likely not an important contributor to pH i homeostasis under physiologic conditions in the cat. 6 Taken together, these studies indicate that, in PASMCs, resting pH i and recovery of pH i from acid loading are regulated by a mixture of transporters, with NHE playing a significant role in a majority of species, with the exception of the cat. While it appears clear that NHE exists and is active in PASMCs, the exact extent to which pH i homeostasis in these cells is dependent on NHE remains uncertain, given the varied results in different model organisms with different experimental techniques. Moreover, evaluation of the effect of NHE inhibitors on pH i in human PASMCs has yet to be performed and would lend further insight into the clinical relevance of NHE inhibition.
NHE1 AND PULMONARY VASCULATURE FUNCTION

Role of NHE1 in physiologic conditions
Plasma membrane NHEs play a critical role in regulating several cellular processes, including cell volume 56 and signal transduction pathways involved in mediator release. [57] [58] [59] However, the most extensively described function of NHEs in PASMCs is in regulation of pH i . As mentioned above, NHE1 is the only plasma membranelocalized NHE isoform known to be expressed in mouse and rat PASMCs, 27, 28 and while expression of the various NHE isoforms in PASMCs remains to be defined in humans, it is likely that the ubiquitous NHE1 is a major contributor to control of PASMC pH i across species.
Homeostasis of pH i regulates PASMC function in several ways, including control of vasomotor tone and cell proliferation and migration. With respect to the former, in isolated, perfused ferret lungs under normoxic conditions, acute intracellular alkalinization resulted in a rise in pulmonary arterial (PA) pressure, whereas acute acidification resulted in an even more pronounced elevation in PA pressure. 5 Both acute alkalinization and acidification were also associated with a rise in intracellular Ca 2+ , suggesting the possibility that the acute change in vasomotor tone was mediated by Ca 2+ . In vascular smooth muscle cells, multiple pathways, including voltage-gated and store-operated Ca 2+ channels, have been implicated in alkalosis-induced elevation of intracellular Ca 2+ . 60 Interestingly, after the initial increase in PA pressure induced by acute intracellular alkalinization of ferret PASMCs, more prolonged alkalinization resulted in a further rise in PA pressure that was not associated with a rise in intracellular Ca 2+ . 5 There is evidence that pH i exerts a direct (Ca 2+ -independent) effect on the contractile apparatus, through changes in calmodulin-dependent enzyme activity and ordering of the myofilament lattice. 60 Intracellular alkalinization also resulted in canine PA contraction during isometrictension studies and resulted in increased PA pressures in isolated perfused rat lungs under both normoxic and hypoxic conditions. 54, 61 Thus, data from multiple organisms indicate that a rise in pH i induces PASMC contraction, likely through both Ca 2+ -dependent and Ca 2+independent mechanisms.
It is important to note that the response of smooth muscle to an acute acid or base load may differ from the response to sustained acidification or alkalinization. In the absence of any data on how the pulmonary vasculature responds to sustained intracellular alkalinization, findings in the systemic vasculature may offer useful insight. Knockout of either the Na + /HCO 3 − cotransporter NBCn1, which alkalinizes cells by importing HCO 3 − , or NHE1 resulted in intracellular acidification in mouse vascular smooth muscle cells. 62, 63 In both of these knockout animals, the smooth muscle in the resistance vessels of the systemic vasculature was marked by reduced norepinephrine-stimulated, ROCK-dependent Ca 2+ sensitivity. This suggests that ROCK activity may mediate changes in Ca 2+ sensitivity, and thereby vascular tone, in response to prolonged changes in pH i , but the extent to which the same mechanisms apply in the pulmonary vasculature remains unclear.
There is also a link between pH i and cell proliferation. The correlation between alkalinization and cell proliferation was initially observed in fibroblasts 64 and was later confirmed in bovine PASMCs, where challenge with either platelet-derived growth factor (PDGF) or epidermal growth factor induced alkalinization and proliferation. 55 Moreover, inhibiting NHE with DMA attenuated both the alkalinization and the proliferation induced by these growth factors, 55 indicating that NHE-mediated changes in pH i are important in controlling PASMC proliferation. Later studies using NHE1-deficient Chinese hamster ovary cells demonstrated that loss of NHE1 decreased the rate of proliferation and that proliferation could be restored with reintroduction of NHE1. 65 Consistent with these findings, the NHE1-specific inhibitor sabiporide 66 or knockdown of NHE1 with silencing RNA 67 reduced proliferation rates in cultured human PASMCs, indicating a primary role for NHE1 in PASMC growth, although a direct link between intracellular alkalosis and PASMC proliferation remains to be proven, as NHE-mediated effects on cell volume or cytoskeletal rearrangement could also be contributing. Nonetheless, increased NHE activity, coinciding with increased pH i , is now considered to be an early event in cell proliferation.
Furthermore, NHE1 has been shown to play a role in PASMC migration. Initial work in neutrophils showed that pharmacologic activation of NHE induced neutrophil alkalinization and chemotaxis and that addition of an NHE inhibitor prevented these effects. 68 Varying neutrophil pH i by altering Na + and H + gradients demonstrated that the chemotactic response correlated with the rise in pH i , suggesting that the migratory response was pH dependent. In addition, fibroblast migration was impaired in the setting of mutations to either the NHE1 ion translocation domain or the C-terminal cytoskeletal anchoring domain. 69 Subsequent work in cultured human PASMCs revealed that inhibition of NHE1 by silencing RNA 67 or sabiporide 66 decreased cell migration. As with proliferation, these data indicate that NHE1 regulates PASMC migration, but the extent to which it does so through pH i modulation versus cytoskeletal rearrangement remains unclear.
Role of NHE1 in acute hypoxic pulmonary vasoconstriction (HPV)
While the preceding sections describe the role of NHE in modulating PASMC function under basal conditions, NHE1 also contributes to the pulmonary vascular response to pathologic stimuli, including hypoxia. The vasoconstrictor response of the pulmonary vasculature to hypoxia was first described in detail in the cat 70 and was noted soon thereafter in humans. 71 Since these early reports, HPV has been observed in all vertebrates, and an extensive literature on HPV has developed. 72, 73 HPV arises acutely upon exposure to hypoxia, with a significant increase in pulmonary vascular resistance (PVR) within 30 minutes and, if the hypoxic exposure remains brief (minutes to a few hours), largely reverses rapidly with return to normoxia. 74 The onset of HPV occurs in phases, with an initial phase occurring within 5 minutes that reflects Ca 2+ -dependent smooth muscle contraction and a later phase of increasing PA pressure that appears to be Ca 2+ independent. 73 The initial hypoxic increase in intracellular Ca 2+ in PASMCs is mediated by Ca 2+ release from the sarcoplasmic reticulum and Ca 2+ entry through voltage-gated L-type Ca 2+ channels, Ca 2+ permeable nonselective cation channels, and receptor-operated Ca 2+ channels; in addition, hypoxia increases the sensitivity of the myofilament contractile apparatus to Ca 2+ . 75 Factors involved in the later-phase Ca 2+ -independent rise in PVR include endothelial release of factors such as nitric oxide, prostacyclin, and endothelin-1 (ET-1); 76 modulation of nitric oxide (NO) and reactive oxygen species within the pulmonary vasculature by red blood cells; [77] [78] [79] [80] and a potential role of neural modulation. [81] [82] [83] The contribution of pH i , and of NHE in particular, to HPV remains a field of active inquiry.
As noted above, induction of intracellular alkalosis in PASMCs increased intracellular Ca 2+ levels, 5 contracted isolated pulmonary arteries, 54 and increased PA pressure in isolated lungs, 5, 54 findings consistent with the possibility that alterations in pH i could contribute to HPV. Supporting this hypothesis, manipulating pH i by inducing intracellular acidification inhibited, 61 while intracellular alkalinization enhanced, 61, 84 HPV. However, these reports stand in contrast to other studies, in which HPV was attenuated by hypocapnic alkalosis [85] [86] [87] [88] [89] and enhanced by hypercapnic acidosis. [88] [89] [90] It should be noted, however, that the magnitude of the change in pH i under these conditions was not measured and could vary considerably from that in experiments where pH i was manipulated directly. Nonetheless, these studies provide substantial evidence that changes in pH i during hypoxia could modulate HPV.
Unfortunately, only a few investigators have measured the effect of acute hypoxia on PASMC pH i , with conflicting results. In large-diameter porcine pulmonary arteries mounted for isometrictension recording, hypoxia induced an initial, transient contraction without changes in pH i . 91 The initial contraction was followed by dilation and decreased pH i and a later, sustained hypoxic contraction that was associated with pH i increasing back to normal levels. In isolated PASMCs where pH i was directly measured in real time with fluorescent indicators, exposure to acute hypoxia increased pH i in PASMCs derived from small-diameter cat pulmonary arteries, although hypoxia induced acidification in PASMCs from largediameter cat pulmonary arteries. 6 Adding to the confusion, acute hypoxia had no effect on pH i in PASMCs from distal rat intrapulmonary arteries. 92 To be certain, variations in the severity of hypoxia, location of the vessels within the vascular tree, or species could account for the differences in findings. Interestingly, the alkalinization of small-diameter feline PASMCs was attributed to changes in Cl − /HCO 3 − exchange, not to NHE. Thus, whether acute hypoxia alters the activity of NHE1 in PASMCs from other species, whether this depends on the section of the vascular tree studied, and whether alterations in NHE1 activity exert effects on pH i during hypoxia remain to be fully resolved.
Role of NHE1 in hypoxia-induced pulmonary hypertension
Hypoxic pulmonary hypertension. While acute exposure to hypoxia results in a rapid, sustained contraction of the pulmonary vasculature that is immediately reversible with return to oxygenated conditions, prolonged hypoxia, as can occur with residence at high altitude or numerous chronic lung diseases, results in the development of pulmonary hypertension (PH). Ultimately, development of PH leads to enlargement of the right heart and, in some cases, eventual right heart failure. In humans, PH is defined by a mean resting PA pressure of ≥25 mmHg. This elevation in PA pressure can arise through multiple mechanisms, which has led to the disease being divided into 5 etiologic categories: (1) pulmonary arterial hypertension (PAH), (2) PH due to left heart disease, (3) PH due to hypoxemia, (4) chronic thromboembolic PH, and (5) miscellaneous. 93 In all cases, a combination of increased pulmonary vascular tone and structural remodeling contributes to the development of PH. The concept that pulmonary vascular remodeling is an important contributor to hypoxia-induced PH stems from autopsy series that analyzed the pulmonary arteries of human subjects living in high-altitude areas of the Peruvian Andes, compared to controls living at sea level. 94 High-altitude subjects showed greater muscularization of their distal PA trees, combined with increased thickening of the media and adventitia in the proximal pulmonary arteries. Furthermore, when normal humans were subjected to progressive hypobaric hypoxic over the course of 40 days during Operation Everest II, they developed an increase in PVR that did not respond to acute treatment with 100% oxygen, suggesting that the development of pulmonary vascular remodeling occurs over a relatively short time interval of hypoxic exposure and differs from the vasoconstriction observed with acute hypoxic challenge, which is rapidly reversible with reoxygenation. 95 Subsequent to the initial human studies, detailed histologic examination of the pulmonary circulation from rats exposed to chronic hypoxia revealed the temporal progression of remodeling, 96, 97 the characteristics of which appeared to mimic the remodeling observed in humans with hypoxiainduced PH.
Understanding the cellular and molecular mechanisms underlying both the sustained contraction and the remodeling of the pulmonary vasculature in response to hypoxia has been the subject of intense efforts. 98 Given that extension of smooth muscle into the distal pulmonary vasculature is the hallmark of hypoxia-induced remodeling, substantial focus has been placed on the growth and survival responses of PASMCs to hypoxia. Although the proliferative response is still not completely understood, it is clearly complex, involving a multiplicity of pathways. While it is beyond the scope of this review to fully delve into the profusion of pathways that have been implicated in the development of hypoxic PH, several factors that are associated with NHE1 appear to be involved in the pathogenesis of this disease, as is discussed in detail below.
The role of NHE1 in hypoxic PH. The finding that NHE was required for PASMC alkalinization and proliferation in response to physiologic stimuli, such as growth factors, raised the question of whether this exchanger was also involved in the PASMC growth responses related to pathologic stimuli, such as hypoxia. Initial studies demonstrated that PASMCs isolated from chronically hypoxic mice, a widely used model of hypoxic PH, exhibited an alkaline shift in resting pH i that continued to be evident days after the cells had been removed from the animals and the hypoxic stimulus. 27 That the elevation in basal pH i was still observed when the cells were perfused with HCO 3 − -free buffer and could be significantly reduced by addition of an NHE inhibitor was consistent with NHE mediating the hypoxia-induced alkaline shift in pH i . Moreover, the elevation of pH i in PASMCs isolated from chronically hypoxic mice was correlated with augmented NHE activity. 27 Furthermore, NHE1 messenger RNA (mRNA) and protein levels were increased in PASMCs isolated from chronically hypoxic mice, indicating that the PASMC response to prolonged hypoxia includes upregulation of NHE1 expression, leading to intracellular alkalinization. In these studies, the change in basal pH i induced by chronic hypoxia was substantially larger than that observed with acute hypoxia in cat PASMCs, where the alkalinization of PASMCs was found to be due to altered activity of Cl − / HCO 3 − exchange, 6 suggesting that different mechanisms may be responsible for changes in basal pH i during acute and chronic hypoxic conditions. A question that arises is whether the hypoxia-induced upregulation of NHE1 expression and activity is a consequence of a direct effect of hypoxia on PASMCs or is secondary to other hypoxiainduced changes, such as elevated pulmonary vascular pressure or circulating factors that are induced by hypoxia. The answer can be found in data derived from PASMCs isolated from normoxic ani-mals that were subjected to prolonged hypoxic exposure ex vivo. 28 Exposure to 4% O 2 for 60 hours resulted in upregulation of NHE1 mRNA and protein in rat PASMCs that was accompanied by an alkaline shift in pH i and an increase in NHE activity. Qualitatively comparable changes in NHE1 expression and activity with in vivo and ex vivo hypoxic exposures indicate that the mechanism by which hypoxia induced these effects was intrinsic to the PASMCs.
PASMC alkalinization in response to prolonged hypoxia raised the possibility that NHE1 could be at the crossroads of the pathway from chronic hypoxia to pathologic pulmonary vascular remodeling. Initial experiments to test this hypothesis used pharmacologic inhibitors of NHE. Rats treated with either DMA or EIPA during exposure to 14 days of 10% O 2 experienced a significant reduction in pulmonary vascular remodeling, PVR, and PA pressure, when compared to untreated control rats. 99 To specifically target the role of NHE1, investigators turned to NHE1-null (Nhe1 −/− ) mice. 100 In mice deficient for NHE1, the hypoxia-induced rise in right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) was nearly prevented. In addition, Nhe1 −/− mice exhibited an absence of pulmonary vascular remodeling, with significantly attenuated hypoxia-induced increases in pulmonary arteriolar wall thickness, vascular muscularization, and cell proliferation in the medial wall of the vasculature. 100 These data provided key evidence confirming that NHE1 was necessary for the development of hypoxiainduced pulmonary vascular remodeling and PH in mice. While the role of NHE1 in humans clearly cannot be assessed via knockout, in vitro silencing of NHE1 in human PASMCs with short, interfering RNA reduced hypoxia-induced hypertrophy, proliferation, and migration, suggesting that NHE1 is important in the induction of pathologic PASMC responses to hypoxia in humans as well. 67 The role of NHE1 in the development of other forms of PH remains to be evaluated in detail. Preliminary work has been performed in a rat model in which SU5416, a vascular endothelial growth factor receptor inhibitor, is given to rats in combination with chronic hypoxia exposure (SuHx model). The SuHx model recapitulates the pathology of human PAH better than other models, in that it results in the development of severe PH characterized by the presence of vaso-occlusive lesions (the pathologic hallmark of human PAH, which other rodent models of PH do not produce) that do not resolve when the rats are returned to normoxia. 101 NHE activity was increased in PASMCs isolated from SuHx rats, in comparison with controls. 102 Consistent with the findings in SuHx rats, NHE activity was increased in cultured PASMCs derived from human subjects with idiopathic PAH, compared to that in controls. 102 Thus, while there is some indication that NHE1 may be involved in severe PAH, additional investigation is required to clarify its role.
MECHANISMS CONTROLLING NHE1 ACTIVITY AND EXPRESSION IN PASMCS
Acute regulation of NHE activity
Non-pH-dependent regulation of NHE1 expression and activity occurs, in large part, through modifications to its cytosolic C-terminal domain. NHE1 turnover at the plasma membrane is controlled by C-terminal ubiquitination, which targets the exchanger for endocytosis. 103 Factors influencing activation of NHE1 include phos-phorylation and interaction with regulatory molecules. For example, binding to calmodulin, a protein whose activation is dependent on intracellular Ca 2+ levels, activates NHE1. 35 In the setting of low Ca 2+ , the high-affinity calmodulin binding site in the NHE1 Cterminus interacts with a region of the transmembrane domain, inhibiting proton exchange; in high-Ca 2+ conditions, calmodulin binding prevents this autoinhibitory interaction. 104 In addition, both PIP 2 and CHP1 are essential cofactors for proper NHE1 function, as inhibition of the NHE1-CHP1 interaction 36, 37 or mutating the putative PIP 2 -binding domains 38 markedly decreases NHE1 ion exchange activity.
NHE1 is further regulated by phosphorylation, with all known phosphorylation targets localized to serines and threonines in the C-terminal tail. 39 Several protein kinases have been shown to be involved in the phosphorylation of NHE1, including PKC, 40, 41 ROCK, 42, 43 MAPK-dependent pathways, [44] [45] [46] and p90 rsk . 45, 47 The impact of phosphorylation on activity varies, in some cases increasing exchange activity or shifting the pH-dependent activation of NHE1 to more alkaline pH i . 105 In contrast, phosphorylation of the high-affinity calmodulin binding site at Ser-648 by protein kinase B/Akt prevents the NHE1-calmodulin interaction and thus inhibits NHE1 ion transport activity. 106 In addition to direct effects on the NHE1 protein, phosphorylation of NHE1 binding partners can influence NHE1 activity. For example, phosphorylation of calmodulin by Janus kinase 2 increases NHE1-calmodulin binding and thus activates NHE1. 107 Interestingly, as with calmodulin, many of the kinases and regulatory proteins known to alter NHE1 activity exhibit Ca 2+ sensitivity (such as PKC, ROCK, and CHP), suggesting the possibility that changes in intracellular Ca 2+ concentration could act to indirectly modulate NHE1 activity. Clearly, the mechanisms that regulate NHE activity are complex and have yet to be exhaustively delineated. Moreover, while the regulation of NHE1 by phosphorylation and regulatory proteins has been described in a variety of cell types, which of these mechanisms regulates NHE1 activity in PASMCs is currently still under investigation.
Several factors known to be involved in the pathogenesis of PH have been shown to influence NHE activity. For instance, PDGF, which is released by circulating platelets, is implicated in PH, in that increased levels of PDGF are present in the blood and lungs of patients with various forms of PH. PDGF has been shown to stimulate rat 108 and bovine 55 PASMC proliferation, as well as human PASMC proliferation and migration, 109 through pathways involving upregulated capacitative Ca 2+ entry 108, 110 and increased NHE activity. 55 Similarly, the peptide ET-1, a potent endothelial-derived vasoconstricting agent released primarily by endothelial cells, is upregulated in multiple forms of PH, including hypoxia-induced PH, and ET-1 receptor inhibitors have been successful in preventing and partially reversing hypoxic PH in animal models. [111] [112] [113] Acute incubation with ET-1 increased NHE activity in a dose-dependent fashion in normoxic rat PASMCs. 114 Furthermore, in the same study, pretreatment of PASMCs with a ROCK inhibitor prevented ET-1-induced upregulation of NHE activity. 114 ROCK is activated in multiple models of PH, perhaps secondarily to increased circu-lating factors such as ET-1, and is implicated in signaling leading to both vasoconstriction and vascular remodeling. [115] [116] [117] [118] ROCK inhibitors have been shown to decrease PA pressures and PVR both in experimental models of PH and in PAH patients. [119] [120] [121] The best-characterized action of ROCK is the phosphorylation of the myosin-binding subunit of myosin light chain phosphatase (MLCP), thereby inhibiting MLCP and thus increasing phosphorylation of myosin light chains, which serves to augment contraction. However, since ROCK inhibition also prevents ET-1-induced activation of NHE in normoxic settings, it is likely that the ET-1/ROCK pathway contributes to remodeling as well.
In addition, proliferation of cultured bovine PASMCs in response to hypoxic stimuli involves the activation of PKC. 122 Activation of PKC increased NHE expression and ion-exchange activity in vascular smooth muscle cells, 40, 123, 124 and, in nonvascular cells, PKC was a required intermediary in ET-1-induced upregulation of NHE activity. [125] [126] [127] However, in normoxic rat PASMCs, pretreatment with PKC inhibitors did not prevent ET-1-mediated augmentation of NHE, 114 suggesting that, while NHE induction by ET-1 involves PKC signaling in certain conditions, this does not appear to be a global phenomenon. Further experiments will be required to determine whether PKC plays any role in NHE activation in PASMCs during chronic hypoxia.
Regulation of NHE1 expression
Role of hypoxia-inducible factors. The finding that chronic hypoxia increased NHE1 expression naturally raised questions as to the mechanism underlying this upregulation. An early candidate that emerged as a potential regulator of NHE1 expression was hypoxiainducible factor 1 (HIF-1), a transcription factor that regulates the expression of a multitude of genes in response to changes in oxygen concentration. 128 HIF-1 is composed of 2 subunits, HIF-1α and HIF-1β. While HIF-1β is constitutively expressed, HIF-1α is ubiquitinated, leading to proteasomal degradation, under normoxic conditions. HIF-1α ubiquitination is dependent on proline hydroxylation of HIF-1α, which in the setting of normoxia is catalyzed by prolyl hydroxylase domain proteins using O 2 as a substrate. 129, 130 Since hypoxic conditions result in stabilization of the HIF-1α subunit, the accumulation of HIF-1α protein controls the sensitivity and selectivity of induction of the HIF-1 transcriptional complex.
Studies aimed at determining the effect of loss of HIF-1 function were initially limited by the fact that mice with complete deficiency for HIF-1α (Hif1a −/− ) died during gestation. 131 However, mice heterozygous for the null allele (Hif1a +/− ) exhibited attenuated increases in right ventricular pressure, RVH, and pulmonary vascular remodeling in response to chronic hypoxia, when compared to their wild-type littermates. 132 Thus, absence of full HIF-1 expression impaired the development of hypoxic PH.
NHE1 has been shown to be one of the genes regulated by HIF-1. In vivo chronic hypoxia exposure (10% O 2 for 3 weeks) in Hif1a +/− heterozygous mice resulted in severely blunted upregulation of NHE1 mRNA and protein expression in PASMCs, compared to those in wild types. 28 As would be expected in the setting of impaired NHE1 expression, PASMCs isolated from Hif1a +/− heterozygous mice also showed less hypoxia-induced alkalinization. Cells derived from Hif1a +/− mice also exhibited blunted hypoxia-induced proliferation. 133 Finally, in vitro forced expression of HIF-1α in PASMCs isolated from normoxic rats resulted in increased NHE1 mRNA and protein expression as well as increased NHE activity. These data suggest that upregulation of NHE1 expression is one of the mechanisms whereby HIF-1 generates pathologic pulmonary vascular remodeling and PH in response to hypoxia.
Interestingly, HIF-1 appears to exert independent effects on the pulmonary vasculature and the right ventricle. Homozygous conditional deletion of HIF-1α in smooth muscle during chronic hypoxia exposure attenuated the development of hypoxia-induced pulmonary vascular remodeling and PH in mice. 134 However, even in the absence of elevated PA pressures, the degree of hypoxiainduced RVH was unchanged in these mice. In Hif1a +/− mice with systemic heterozygous HIF-1α deficiency (which therefore have decreased HIF-1α expression in right ventricular myocytes), chronic hypoxia resulted in an attenuated increase in both PH and RVH. 132 Considered together, these results suggest that HIF-1 activation in right ventricular myocytes contributes to hypoxic right ventricular remodeling, independent of PA pressures. While NHE1 activation has been clearly established as a mechanism for left ventricular hypertrophy, the contribution of HIF-dependent NHE1 expression in cardiac myocytes to right ventricular remodeling in chronic hypoxia remains unresolved.
Role of ET-1. In addition to acutely regulating NHE activity in
PASMCs, in vitro treatment of normoxic rat PASMCs with ET-1 for 48 hours increased NHE1 mRNA expression. 135 Exogenous application of ET-1 also concomitantly increased HIF-1α protein expression and decreased expression of prolyl hydroxylase 2, the enzyme responsible for targeting HIF-1α for degradation via hydroxylation. 135 While application of exogenous ET-1 under nonhypoxic conditions indicated that increased ET-1 was sufficient to induce NHE1 expression, further evidence supporting a role for ET-1 in modulating NHE1 expression in PASMCs during hypoxia was provided by experiments in which rat PASMCs were pretreated with BQ-123, an antagonist of ET-1 receptor subtype A (ET A ) during hypoxia. 135 BQ-123 abrogated the upregulation of both HIF-1α protein and NHE1 mRNA that is normally induced by incubation in 4% O 2 . Given that ET-1 levels are known to be upregulated in the setting of chronic hypoxia, these data indicate that HIF-1α expression, which is already directly induced by low oxygen tension, and consequent NHE1 expression are further amplified by ET-1 during hypoxia.
MECHANISMS OF NHE1 SIGNALING
Ca 2+ signaling
In many cell types, changes in pH i and intracellular Ca 2+ are tightly coupled. 60 Elevated intracellular Ca 2+ levels are implicated not only in pulmonary vasoconstriction but also in vascular remodeling. 136 Thus, it is worthwhile to examine in further depth the effects of alkalinization on intracellular Ca 2+ .
In porcine coronary arteries and rat aortas, intracellular alkalinization induced a rise in intracellular Ca 2+ that was attenuated by nifedipine, an inhibitor of L-type voltage-gated Ca 2+ channels. 137, 138 Alkalinization also increased intracellular Ca 2+ levels in ferret PASMCs and potentiated contraction in response to potassium chloride, 5 indicating that L-type voltage-gated Ca 2+ channels contributed to pHmediated Ca 2+ entry. Furthermore, intracellular alkalinization inhibited voltage-gated K + currents, resulting in depolarization of canine PASMCs, 139 which may serve as one of the mechanisms by which an alkaline shift in pH activates L-type Ca 2+ channels. It is likely that other Ca 2+ entry pathways can also be modulated by pH i . For example, in rat aortic smooth muscle cells, alkalinization potentiated Ca 2+ entry induced by thapsigargin (which depletes stores of Ca 2+ in the sarcoplasmic/endoplasmic reticula and thereby induces plasmalemmal Ca 2+ entry through store-operated Ca 2+ channels), suggesting that store-operated Ca 2+ channels can also contribute to pH-mediated Ca 2+ entry. 140 There is also evidence of increased release of Ca 2+ from intracellular stores in the setting of alkalinization. In smooth muscle cells from guinea pig portal veins, elevated pH was associated with increased inositol triphosphate-induced Ca 2+ release from the endoplasmic reticulum. 141 Thus, it is possible that increased NHE1 activity and alkalinization during chronic hypoxia could enhance Ca 2+ entry into PASMCs.
ROCK, p27, and cyclin D1 signaling
Experiments utilizing Nhe1 −/− mice and in vitro NHE1 silencing have yielded further insights into downstream effectors of NHE1 signaling. In Nhe1 −/− mice, there was a decrease in ROCK expression and activity, an increase in the expression of p27 (a cyclindependent kinase inhibitor and known downstream factor of ROCK), and a decrease in cyclin D1 expression. 100 Moreover, expression of E2F1, a transcription factor important in cell cycle progression that is known to be downstream of p27, was upregulated by hypoxia in human PASMCs, and this upregulation was inhibited in the setting of in vitro NHE1 silencing. 67 The role of E2F1 as a downstream effector of NHE1 was further confirmed by the fact that overexpression of E2F1 prevented the decrease in PASMC proliferation and migration observed when NHE1 was silenced. 67 Thus, hypoxia-induced upregulation of NHE1 leads to downstream ROCK activation, followed by increased p27 and subsequent E2F1 expression, which in turn mediates cell cycle progression and increased PASMC proliferation.
While the studies in Nhe1 −/− mice placed ROCK as a downstream effector of NHE1 signaling, the interaction between NHE1 and ROCK is clearly more complex. As noted above, ET-1 induced NHE activity acutely in normoxic PASMCs via a mechanism involving ROCK, thus placing ROCK upstream of NHE. 114 Consistent with the results obtained with acute exposure to ET-1 in PASMCs, NHE has also been shown to be downstream of ROCK and RhoA (Ras homolog A, a GTPase [guanosine triphosphatase] that increases ROCK activity) in nonvascular cell types. 42, 43, 142, 143 Given the temporal differences in these studies, the most likely scenario is that ROCK activation acutely phosphorylates and enhances NHE1 activity, with prolonged NHE1 upregulation in turn increasing ROCK expression. However, the exact mechanism by which NHE1 increases ROCK expression remains to be determined.
NHE1 and cytoskeletal anchoring
It has been recognized for some time that the C-terminal tail of NHE1, independent of the ion-transport domain, is involved in regulation of cell shape and cell function. Fibroblasts that express an NHE1 variant with a mutation in the ezrin-binding motif have impaired organization of actin stress fibers and an irregular cell shape, while fibroblasts expressing an NHE1 mutant with disrupted ion translocation function have normal cytoskeletal organization and cell shape. 33 Furthermore, fibroblasts containing NHE1 with mutations in the C-terminal ezrin-binding motif also show evidence of impaired cell migration. 69 As is implied in the name, mutations in the C-terminal ezrinbinding motif impair the ability of NHE1 to bind with ezrin, 33 a member of a family of proteins referred to as ERM (ezrin, radixin, moesin) proteins. 144 ERM proteins are characterized by their shared N-terminal FERM (4.1, ezrin, radixin, moesin) domain, which binds to various membrane proteins, and a shared C-terminal filamentous-actin binding site. As their shared structure suggests, this family of proteins plays an important role in the cross-linking of membrane proteins to the actin cytoskeleton, thereby facilitating changes in cell shape, membrane protein localization, and signal transduction. The ERM family is also characterized by a shared C-ERMAD (ERM-associated domain), which is able to intramolecularly bind to the N-terminal FERM domain. As the C-ERMAD domain overlaps the C-terminal actin-binding site, this intramolecular association prevents association of ezrin with actin and thus renders ezrin functionally inactive. ROCK regulates the activity of ezrin by phosphorylating a C-terminal threonine (T567). 145 T567 phosphorylation prevents ezrin intramolecular association and thus allows activated ezrin to serve as a membrane-actin cross-linker ( Fig. 4) . Thus, phosphorylated ezrin serves as a structural link between the C-terminal tail of transmembrane NHE1 and the actin cytoskeleton, and it is through this interaction with phosphorylated ezrin that NHE1, acting as a membrane anchor for actin filaments, is able to regulate PASMC cell shape and migration.
THERAPEUTIC OPTIONS FOR INHIBITING NHE
Currently, oxygen therapy remains the most widely used treatment for hypoxia-induced PH, although supplemental oxygen is not a cure and can only slow the progression of the disease. The few pharmacologic therapies that have been approved for treatment of PAH focus on the inhibition of pulmonary vascular vasoconstriction. 146 Despite these current therapies, the morbidity and mortality from both PAH and PH associated with hypoxia remain high. 147 Thus, there is a significant interest in the discovery of agents that interfere with the processes that contribute to pulmonary vascular remodeling and in the effects of those agents on the prevention and reversal of PH. In that light, inhibition of NHE1 is Figure 4 . A, Schematic illustrating proposed mechanism by which NHE1/ezrin interactions controls pulmonary arterial smooth muscle cell (PASMC) shape changes. Ezrin phosphorylation by Rho kinase (ROCK) allows dissolution of intramolecular association between the head (FERM; [4.1, ezrin, radixin, moesin]) and tail (C-ERMAD [ERM (ezrin-radixin-moesin)-associated domain]) of ezrin. Active (phosphorylated) ezrin (P) then binds to and forms a crosslink between NHE1 and actin filaments (F-actin). B, Schematic illustrating pathways whereby chronic hypoxia (CH) leads to pathologic PASMC behavior via increased NHE1-actin cross-linking. Upregulation of the transcription factor hypoxia-inducible factor 1 (HIF-1) results in increased NHE1 expression. Activation of ROCK by CH results in phosphorylation of ezrin (P-ezrin) and binding between NHE1 and F-actin, tethering actin filaments to the cell membrane and facilitating cell movement necessary for migration and proliferation. potentially of great clinical interest. Several classes of drugs that have effects on NHE have been evaluated to date, although their effect in PH has so far been largely limited to animal models and in vitro studies.
Early studies
Amiloride is a drug that was initially found to inhibit the sodium channel in urinary epithelia but has since been recognized to inhibit numerous ion channels. Thousands of amiloride analogs have been synthesized that inhibit Na + -conducting channels with varying specificity. 148 DMA and EIPA are two amiloride analogs exhibiting relatively more specific inhibition of NHE ion transport. Initially, DMA was found to inhibit growth factor-induced PASMC proliferation in vitro. 55 In vivo, it was subsequently determined that both DMA and EIPA, when given during a hypoxic exposure of 10% O 2 for 14 days, inhibited the development of PH in rats. 99 The attenuated development of PH with DMA and EIPA was achieved through decreased hypoxia-induced pulmonary vascular remodeling, as drug-treated animals showed decreased wall thickness of intra-acinous vessels, compared to untreated hypoxic controls.
NHE1-specific inhibitors
Inhibitors exhibiting high specificity for the NHE1 isoform have been developed and pursued primarily for their potential cardioprotective effects. In animal studies, these agents have consistently demonstrated cardiogenic benefits in the setting of myocardial ischemia reperfusion injury, especially when the agents are given before the ischemic insult. 149 To date, 2 members of a family of specific NHE1 inhibitors, cariporide and eniporide, have advanced to human clinical trials for the treatment of ischemia reperfusion injury. [150] [151] [152] [153] Unfortunately, the results of these studies have been disappointing, with only the GUARDIAN study showing benefit of NHE1 inhibition in a single subgroup of patients, those who were reperfused via coronary artery bypass grafting (CABG). 152 Furthermore, the subsequent EXPEDITION study, while showing decreased myocardial infarction in cariporide-treated patients undergoing high-risk CABG, also revealed an overall increase in mortality in the cariporide treatment group due to an increased rate of cerebrovascular events. 153 Because of the ubiquitous nature of NHE1 and the concerns raised by these studies, clinical trials of NHE1 inhibitors have largely been discontinued.
Exploration of the potential benefits of NHE1-specific inhibitors in PH has been limited. Sabiporide, another member of the NHE1 inhibitor family, was shown to inhibit proliferation and migration of human PASMCs in vitro. 66 In vivo, cariporide has been shown to attenuate the development of right heart failure in monocrotaline-treated rats. 154 In that study, cariporide-treated rats experienced significant blunting of the monocrotaline-induced increase in RVSP and RVH as well as blunting of monocrotalineinduced necrosis, fibrosis, and mononuclear infiltration of right ventricular myocardial cells. The authors claimed that the beneficial effects of cariporide in this model of PH were mediated through direct protection of right ventricular myocardium, because they argued that cariporide had no effect on pulmonary vascular remodeling. However, their conclusion that cariporide did not inhibit pulmonary vascular remodeling is tempered by the small number of vessels in which pulmonary artery wall thickness was measured as well as by the absence of measurement of distal vascular neomuscularization via smooth muscle-specific actin staining. Thus, further efforts at characterizing the effect of NHE1 inhibitors on the pulmonary vasculature in vivo are needed, especially in the setting of chronic hypoxia.
It should be noted that the mechanism whereby NHE1-specific inhibitors act on the exchanger remains undefined. Cariporide was characterized as an inhibitor of NHE1 ion transport activity. 155 However, the effect of known NHE inhibitors on the NHE-ezrinactin interaction or on NHE-dependent cytoskeletal rearrangement remains unexamined. Given that the C-terminal tail of NHE is required for cytoskeletal interactions and that the NHE-ezrin interaction is important for regulating cell shape and migration, it would be of interest to assess the differential effects on the development of hypoxic PH of drugs targeted to inhibition of NHE ion exchange and drugs targeted to inhibition of NHE-mediated cytoskeletal rearrangement. Importantly, cariporide was found to inhibit monocrotaline-induced increase in NHE1 mRNA expression in right ventricular myocytes. 154 Thus, NHE1-specific inhibitors could impair all mechanisms of NHE1 signaling merely by depleting NHE1 expression. The effect of NHE1 inhibitors on NHE1 mRNA or protein expression in PASMCs remains undetermined, and future work on the effect of NHE1 inhibitors on the pulmonary vasculature will have to interrogate their mechanism of action in greater detail.
HIF inhibitors
An additional mechanism of NHE inhibition is via upstream inhibition of HIF-1. As noted above, HIF-1 is a transcription factor that upregulates many genes, including NHE1, in response to hypoxia. Cardiac glycosides, including digoxin, have been found to decrease HIF-1α protein expression via inhibition of HIF-1α mRNA translation. 156 Acriflavine, which historically was used as a topical antiseptic, also inhibited HIF-1 function, though via a different mechanism: it inhibits dimerization of HIF-1α with HIF-1β, thus preventing formation of a functional HIF-1 unit. 157 Both medications have been found to have beneficial effects on PH in animal models. Digoxin, when given to mice during a 3-week exposure to hypoxia, successfully attenuated hypoxia-induced increases in RVSP, RVH, and pulmonary vascular remodeling. 158 In the same study, when mice were allowed to develop hypoxiainduced PH over 3 weeks of hypoxic exposure and were then treated with digoxin during 2 weeks of further hypoxic exposure, digoxintreated mice developed a lower RVSP than vehicle-treated mice, indicating that digoxin therapy can slow the progression of established hypoxic PH. In these mice, digoxin therapy prevented hypoxiainduced increase in NHE1 expression in PASMCs, suggesting that NHE inhibition may be one pathway through which digoxin protects against the development of PH. It is possible that inhibition of HIF-1 targets other than NHE1 may play a role in the prevention of PH or that digoxin may have HIF-1-independent effects that protect against PH; however, the fact that acriflavine, which inhibits HIF-1 via a different mechanism, also prevented the development of hypoxia-induced PH 158 suggests that the protective effect of digoxin is likely through an HIF-dependent mechanism.
ET-1 receptor antagonists
Because ET-1 acutely increases NHE activity 114 and is also implicated in upregulation of NHE1 expression in the setting of hypoxia, 135 inhibition of ET-1 may serve as another upstream method of NHE inhibition. ET-1 signaling is effected through 2 G proteincoupled receptors, ET A and ET B . While ET A stimulation contributes to vasoconstriction, ET B receptor stimulation results in more ambiguous effects, because it prompts release of both vasodilatory NO and prostacyclin from endothelial cells as well as proconstrictory agents such as thromboxane A 2 . 159 However, both receptors promote human PASMC proliferation and thus may contribute to vascular remodeling. 160 Treatment of rats with BQ-123, a selective antagonist of the ET A receptor, during a 2-week exposure to 10% O 2 prevented pulmonary vascular remodeling and PH 113 and significantly reversed established hypoxic PH when started in the middle of a 4-week exposure to 10% O 2 . 113 Nonselective inhibition of both ET A and ET B with bosentan has been shown to be similarly protective in the development of hypoxic PH. 161 While evaluation of bosentan in patients with hypoxic PH has been limited but disappointing, 162 the use of ET receptor antagonists in PAH has proven more promising. [163] [164] [165] [166] [167] To date, no experiments have been performed to evaluate whether NHE expression and/or activity are altered in PASMCs from chronically hypoxic animals treated with ET receptor antagonists, and thus, as with digoxin, it remains unclear to what extent the effects of ET-1 receptor antagonists are mediated through NHE inhibition versus effects on other signaling pathways.
FUTURE DIRECTIONS
A fundamental question raised by the finding that NHE1 is necessary for the development of hypoxia-induced PH in animal models is whether NHE1 signaling plays a similarly important role in human disease. Evaluation of NHE1 expression and activity and NHE1-cytoskeletal interactions in sample tissue from human subjects with hypoxic PH, compared to those in control samples, would clarify the relevance of this line of work to humans.
While this review has focused primarily on hypoxia-induced PH, it is also conceivable that the NHE1 signaling pathway may have relevance to the development of other classes of PH. HIF-1α expression is increased in normoxic PASMCs isolated from patients with PAH, compared to that in controls, 168 although the mechanism underlying this upregulation of HIF-1α in normoxic conditions remains incompletely understood. This raises the possibility that NHE1 expression could be increased in PAH and could contribute to cytoskeletal rearrangement and pathologic PASMC function. Exploration of these pathways in tissue from PAH patients, compared to tissue from control patients, would help to shed light on the role of NHE1 in this disease. Given the paucity of available PA tissue from PAH patients, animal models such as the SuHx rat model might also be used to provide insight into the role of NHE1 in the development of PAH.
Further exploration of inhibitors of NHE1-mediated cytoskeletal rearrangement would also prove valuable. Current NHE1 inhibitors are plagued by justifiable concern about neurologic side effects. Drugs that specifically disrupt the NHE1-ezrin interaction, if developed, could prove beneficial in hypoxia-induced PH, with the potential for a more benign side-effect profile. Alternatively, inhalational delivery of NHE1 inhibitors could prove effective, with a lower likelihood of systemic toxicity.
Finally, digoxin, which for years has been successfully used for the treatment of atrial fibrillation and left heart failure in humans, has been shown to be effective in both prevention and reversal of hypoxic PH in mice. The potential benefits of digoxin therapy in humans with hypoxic PH remain underexplored. A small case series of 5 patients with cor pulmonale (right heart failure due to underlying lung disease) treated with digoxin resulted in near normalization of PA pressures, accompanied by marked clinical improvement. 169 Whether the benefits of digoxin are mediated through direct improvement of right ventricular contractility, decrease of PVR, or a combination of the two remains to be clarified. Further exploration of the potential benefits of digoxin in cor pulmonale has been limited because of concerns for the possibility of increased risk of digoxin toxicity in patients with lung disease. 170 Initial retrospective cohort studies examining benefits and risks in patients with hypoxic PH who have received digoxin in the past would be useful and could provide the basis for future prospective randomized controlled trials.
